In this contribution we focus on laser frequency noise properties and their influence on the interferometric displacement measurements. A setup for measurement of laser frequency noise is proposed and tested together with simultaneous measurement of fluctuations in displacement in the Michelson interferometer. Several laser sources, including traditional He-Ne and solid-state lasers, and their noise properties are evaluated and compared. The contribution of the laser frequency noise to the displacement measurement is discussed in the context of other sources of uncertainty associated with the interferometric setup, such as, mechanics, resolution of analog-to-digital conversion, frequency bandwidth of the detection chain, and variations of the refractive index of air.
Introduction
Laser interferometry is the fundamental measuring technique for length and all dimensional quantities in fundamental metrology as well as in demanding industrial applications. The measurement range of laser interferometry covers the nano-world in the most precise devices like metrological scanning probe microscopes (SPMs), middle-sized objects, measured via coordinate measurement machines (CMMs), and up to kilometer distances in long-distance measurements [1] [2] [3] [4] [5] . The design of interferometric systems needs a great care when demands for precision are high. The whole OPEN ACCESS arrangement of a laser interferometer consists of several key components-a laser source which powers the optical section of the interferometer, generating precise wavelength acting as a "ruler scale" in distance measurement, optics and mechanics designed according to the application, and finally the detection chain for acquisition, processing and evaluation of the interference signal including electronic hardware and software (demodulation and linearization techniques) [6] [7] [8] [9] [10] [11] [12] [13] [14] . Each component plays a role in the evaluation of the overall uncertainty.
Laser Source Noise Properties
As the laser interferometer relies on coherent laser light and actually counts discrete wavelengths, the intensity and mainly frequency noise of the laser source can significantly influence the uncertainty of the interferometric measurement. These properties have to be taken into consideration-especially frequency noise of the laser is directly transferred into the noise of the measured distance (quantity).
Slow Frequency Noise-Drift
The most common type of lasers used in practical metrology of length are the relatively cheap He-Ne lasers operating at 633 nm wavelength. They offer relatively good long-term frequency stability up to range of 10 −11 when frequency-stabilized by saturated absorption of molecular iodine [15] [16] [17] .
Stabilization to the active line in Ne offers stability at the 10 −8 level which is fully sufficient for measurements done under atmospheric conditions [18] [19] [20] [21] . The main limitation in this case are the fluctuations of the refractive index of air (which can be controlled down to the range of approx. 10
) [22] [23] [24] . The main disadvantage of He-Ne lasers is their limited power. Especially in multidimensional systems like CMM machines, where more interferometers are supplied from a single laser source, the He-Ne laser power can be a limiting factor. Over several years frequency doubled Nd:YAG lasers have become popular in metrology of length. They offer more power able to feed many measuring axes, a slightly shorter wavelength of 532 nm means better resolution and also better noise properties can be observed. The long-term frequency stability of the Nd:YAG lasers close to the 10 −14 level for an integration time of 1,000 s can be achieved in optical setups where saturation spectroscopy in molecular iodine techniques are implemented [25] [26] [27] [28] [29] [30] [31] [32] . In less demanding setups (interferometry under atmospheric conditions) for example, simple linear spectroscopy in molecular iodine can do the job to reduce long-term drift and offers frequency stability of 5 × 10 −9 for 100 s [33] [34] [35] [36] [37] [38] .
Frequency Noise
Faster frequency fluctuations of the laser source can degrade the interferometric measurement [39, 40] . Especially in applications that cover nanometrology, where the demands are the highest and high-speed scanning and, thus large bandwidth are needed. This is why in this contribution we have focused especially on the measurement of frequency noise of various laser sources intended for use in laser interferometry. The laser noise analysis will be described in the experimental section together with description of the experimental setup. The problem of laser noise is related also to the frequency bandwidth, other properties of the detection system and length of the measuring arm of the interferometer.
Interferometer Configuration
Any interferometric arrangement with reference and measuring beam paths is sensitive to the wavelength of the laser source in relation to the difference in their optical lengths. Low-coherent or white-light interferometry exploits this effect. The center of a white-light fringe gives the information about balance between the two optical paths [41, 42] . This is valid also for Michelson interferometer designed for measurement of displacement with a highly coherent laser source subject to optical frequency noise. Variations of the laser optical frequency seen either as a long-term drift (instability) or a frequency (phase) noise contribute to the measurement uncertainty more, when there is a larger difference between the measuring and reference optical lengths and do not contribute at all when the arms are precisely balanced [5, 40, 43] .
A similar effect in nature is caused by fluctuations of the refractive index of air. This affects the speed of light in atmospheric conditions and thus the conversion of optical frequency into wavelength, which is actually what the interferometer counts. The value of refractive index can be evaluated from the parameters of atmosphere down to range of 10 −7 [22] [23] [24] or more or less effectively compensated [44] [45] [46] [47] [48] [49] [50] .
Resolution of A/D Converters and Frequency Bandwidth
From the point of view of the interference signal processing there comes the resolution of analog-to-digital converters in the detection chain. An interference fringe signal is sampled with this resolution and resolution of A/D converters is sometimes interpreted as the resolution of the interferometer. A dependency between A/D resolution and simple Michelson interferometer resolution is in Table 1 for 532 and 633 nm wavelength respectively. The resolution (minimal detectable position change of the measuring mirror) can be evaluated by Equation (1):
where λ is wavelength of incident light, x is bit-resolution of the analog-to-digital converter and finally n is the number of measuring beams passing through the measured path in a multipass configuration (in case of setup like at Figure 1 n = 2) . The resolution of the interferometer is influenced by the laser and other sources of noise and interference and has to be considered together with the desired frequency (speed) bandwidth of the system. Multipass setup may be an option. This approach may lead to unrealistic expectations. For example for 18-bit resolution of A/D converter we could obtain 1 pm displacement resolution of the interferometer, but when there is a difference in lengths of reference and measuring arms, frequency fluctuation above this limit will also influence the result (not to speak about the refractive index), so the frequency/phase noise effects have to be considered. Next, especially in case of higher bit resolution of the A/D converter other sources of the noise start to influence the measurement and should be considered and precisely controlled. For example noise of the used electronics, noise floor of the photodetectors and proper electrical grounding and shielding should be taken into account. These properties are mainly of technical character and their detail analysis depends on concrete solution of the interferometric setup.
The frequency bandwidth of the whole detection chain plays also a role. This parameter is closely related to the spectral properties of the laser source and every source of variations (including fluctuations of refractive index of air, acoustic noise, etc.) has to be judged from the point of view of their speed and the required speed of the measurement.
From the point of view of the overall uncertainty of the measurement also interferometer nonlinearity errors should be addressed and taken into account. The nonlinearity of the phase detection can be effectively suppressed by proper linearization methods published before [8] [9] [10] [11] 13, 14, 43] .
Analysis of the Interferometer
Considering the Michelson interferometer optical setup as in Figure 1 , from the point of view of the frequency noise and frequency fluctuations the key parameter is the length of L DIFF -difference between optical lengths of reference and measuring arm of the interferometer. The influence of the frequency noise level will be higher in case of higher optical length difference between both arms. When this contribution reaches the level of λ/2 the interferometer loses the count of fringes-the interferometer goes beyond the coherence length of the laser. This also means that interferometers with arms of similar lengths (for example for measuring within a short range) will be less sensitive to the frequency fluctuations of the laser source.
When we want to define a sensitivity of the interferometer to the frequency noise of the laser, we can use an expression of minimal frequency change which will influence the result of measurement (or
which will exceed the quantization noise/resolution of the A/D converter). A length change ∆L seen at the output of the system caused by frequency shift of the laser light can be expressed as Equation (2):
where L DIFF is distance difference between reference and measuring arms, f ACT is actual (shifted) optical frequency and f 0 is the central optical frequency of the laser source (f 0 = c/λ). A dependency between the length difference between the interferometer arms and a limiting level of frequency noise exceeding the quantization noise is in Figure 2 for different resolutions of the A/D conversion and the wavelength 532 nm of the laser. Next aspect related with the laser source frequency noise properties which should be considered is the frequency bandwidth of the system. A maximal speed of displacement of the interferometer measuring path v MAX which can be detected by the system from Figure 1 can be simply described as in Equation (3):
where λ is wavelength of incident light and f SA is sampling frequency of the analog-digital converter.
The example values of these reacheable moving speeds for 532 and 633 nm wavelengths and three different sampling speeds are shown in Table 2 .
In this contribution we concentrate on one of the sources of uncertainty in interferometry related to the laser noise. Considering facts described above we decided to investigate the short-term amplitude and also frequency noise properties of several different laser sources and tried to compare and evaluate their properties. 
Experimental Section
We set up an experimental arrangement for simultaneous measuring of both amplitude and short-term frequency noise of several single-frequency He-Ne lasers and also frequency doubled Nd:YAG lasers. The optical power amplitude fluctuations were measured directly by a photodetector. Frequency noise of the laser radiation was measured with the help of a passive Fabry-Perot cavity used as an optical frequency discriminator. This cavity contained a mirror holder equipped with piezoelectric element which allowed tuning of the cavity length. The length of tunable Fabry-Perot cavity was in the next step stabilized by slow servo-loop (τ ~3 s) to the value of investigated laser optical frequency so the frequency of the laser matched the middle point of the slope of the resonant transmission curve of the cavity. In this regime the cavity operated as a frequency discriminator suitable for fast laser noise fluctuations measurement. The free spectral range of the cavity was 2 GHz and measured linewidth of the cavity was 25 MHz. While the output signal of this frequency discriminator contained both the amplitude and frequency noises, the amplitude noise measured directly by photodetector and frequency fluctuations investigated through the cavity were recorded simultaneously. This gave us an opportunity to subtract the influence of amplitude noise from the frequency discriminator output. The cavity was inserted into an evacuated and thermal-shielded chamber to suppress the influences of refractive index of air fluctuations.
The correct operation of the frequency discriminator was evaluated by the comparison of results from second frequency noise measurement through the reference Michelson interferometer with homodyne quadrature detection. The interferometer reacts to variations of the input laser frequency by variations of the phase of the signal on the output of the quadrature detection unit so it can be seen as another instrument of a frequency discriminator operating within the range of a single interference fringe. The key advantage of this approach is only negligible influence of amplitude fluctuations of the laser power to the output signal because the detection system response to these fluctuations is a few times smaller in comparison to frequency noise. We used a Michelson interferometer in four-pass configuration and a flat mirror reflector. The optical length difference between reference and measurement arm of the interferometer was 2 m (0.5 m mechanical distance) and the measurement were performed in thermal-shielded box to minimize the influence of the environmental conditions. Both measurements (with the help of the Fabry-Perot cavity and also with the help of interferometer) were performed in the same time to have a possibility to compare the results. One of the tested laser was equipped with a resonator mirror holder supplemented with piezoceramic element (PZT). This option enable us to frequency modulate this laser throught the voltage change of this PZT. This PZT was modulated by sinusoidal signals of different frequencies (1-30 kHz) and amplitudes to have a possibility to separate the modulation influence from the other frequency noise sources and results from cavity and also interferometer measurements were compared (frequency widths of this modulation were selected few orders higher than the noise background of the system itself). Results show very good correlation between 1st harmonics of the modulation signal. Measured signals were simultaneously recorded with the digital acquisition card with the 16 bit resolution and 600 kSa/s per channel sampling. The whole experimental setup schematic is in Figure 3) . Figure 3 . Schematic of the experimental setup for amplitude and frequency noise measurements. PBS-polarizing beam splitters, M-full reflective mirrors, Det-photodetectors (Det1 measuring amplitude noise, Det2 frequency noise throught the Fabry-Perot cavity, Det3 frequency noise throught the interferometer). PZT tuning option is included only in L1 laser and it was used only for evaluation of correct function of the frequency discriminators before the experiment itself.
The amplitude and frequency noise was measured for different free-running (unstabilized) laser sources (list of the tested lasers is at Table 3 ). However L5 commercial general purposes laser head contains thermal stabilization by the two-mode stabilization technique [18, 19, 51] . M with the filter activated and also deactivated (highlighted as L1 and L2 respectively). L3 laser is an ultra-stable diode-pumped ring laser with an intracavity frequency doubling. Both L1 and L3 are primarily intended for saturated sub-Doppler spectroscopy in iodine vapor at 532 nm wavelength and are designed to operate as laser optical frequency standards [21, [25] [26] [27] [28] [29] [30] [31] [32] . L4 laser is a simple diode pumped solid state laser (DPSSL) with alignment-free monolithic resonator equipped with slow thermal frequency tuning option which allows linear absorption spectroscopy frequency stabilization technique. Some results of the long-term frequency stability of this laser stabilized by linear absorption technique are summarized in [5, 36, 38] . L5 and L6 lasers are commonly used commercial single-mode He-Ne lasers from different producers, L5 is equipped with thermal two-mode frequency stabilization, L6 is completely free-running. L7 is an approximately 25 years old commercial He-Ne laser, where degradation of the laser tube during long time period can be expected. Finally, L8 is He-Ne-I 2 laser-iodine stabilized optical frequency standard for 633 nm [16, 17] .
Results and Discussion
Amplitude noise measurements (in range 0-100 kHz) were performed for free-running lasers directly by measurement of optical power fluctuations using the low noise photodetector after few hours of stable operation of all of the laser heads (Figure 4 ). The detection chain was not completely free of unwanted interfering electric signal with 20 kHz frequency coming from the switched laser power supplies. Another 50 Hz frequency component from the power supply network could not be completely avoided so these frequency components are present in measured spectra. We assume that these fluctuations were mainly caused by electric interference from the switched power-supplies and in case of L7 also by ageing of old laser tube. The frequency noise measurements ( Figure 5) were done through the Fabry-Perot cavity frequency discriminator at the same sampling speeds as amplitude noise measurements (600 kSa/s) after the evaluation of the proper operation of the discriminator. Figure 5 . Frequency noise measurements of tested laser heads (Fabry-Perot cavity).
The RMS (root mean square) values of the frequency noise were calculated within different frequency bandwidths. Table 4 shows RMS values of frequency noise for spectral components above 10 Hz (to suppress an influence of control servo-loop of the Fabry-Perot cavity), Table 5 shows noise levels above 100 Hz to suppress the influence of 50 Hz spectral component present due to electric interference. Considering the values above and the desired frequency bandwidth of the system, it is possible to evaluate the resulting noise of the measured displacement induced by the laser noise by the modified Equation (2) . When ∆f is the RMS value of the frequency noise within the considered bandwidth, the corresponding RMS value of the length variations at the output of the interferometer ("length noise") will be:
where L DIFF is length difference between reference and measuring paths of the interferometer and f 0 is the central optical frequency of the laser source. Some selected noise values for different paths differences and for different levels of frequency noise were computed and are shown in the Table 6 . When we put together calculated values from Table 6 and measured results from Tables 4 and 5 we can estimate a contribution of the laser frequency noise to the overall uncertainty of the interferometric distance measurement. For considered frequency bandwidth from 100 Hz-100 kHz and interferometer paths length difference 0.01 m we get RMS noise of the measured length of 8.30e-14 m for the L1 laser (4.68 kHz/(Hz) 1/2 ) to 5.25e-12 m length noise for the L7 laser (296 kHz/(Hz) 1/2 ). For the considered system frequency bandwidth from 100 Hz-300 kHz and interferometer paths length difference 1 m we get RMS noise of the measured length of 8.83e-12 m for the L1 laser ). Consequently, great care should be taken to frequency noise contribution to the measurement uncertainty.
Conclusions
Our contribution deals with the interferometric measurements of lengths and discussion about aspects which influence the measurement results. We mainly concentrated on the short-term frequency noise of the laser head, which is one of the key parameters of the interferometer. In the experimental section the amplitude and frequency noise of different laser sources intended for interferometry were measured. The experimental setup with frequency discriminator represented by Fabry-Perot cavity with length stabilized through the slow servo-loop to the frequency of the investigated laser optical frequency was assembled. Measurements of amplitude and frequency noises were done simultaneously with using the high-speed digitization card. The correct operation of frequency discriminator was tested with the help of additional modulation of the laser frequency and the second part of the optical setup-the Michelson interferometer. The frequency measurements results show very good correlation between Fabry-Perot measurements and interferometer measurements. The best results of the amplitude noise perform at 532 nm Nd:YAG laser standards (L1,2 and L3), in case of He-Ne and 633 nm wavelength the best laser is L8 (He-Ne-I 2 standard). All of these lasers are intended to operate as laser standards for realization of fundamental etalons of length at 532 and 633 nm respectively in the laboratory environment. Their design is more precise, these lasers are more expensive in comparison to other tested laser sources. L4 (a simple DPSSL) contains internal servo loops for driving the laser and also a fan for cooling of the laser which caused huge frequency variations in the low frequency range. The worst frequency stability results corresponded to the L7 laser (an old one), mainly due to degradation due to the long history of this laser, old construction of the laser itself and its power supply. We computed achievable RMS values of the "length noise" for different levels of the frequency noise of the laser together with several measuring differences and reference paths of the interferometer. These results give us important information about the influence of the laser head's frequency noise properties to the interferometric measurement and the resolution and uncertainty contribution to the system. Exceptional interest should be taken on them especially for the setups with large interferometer paths difference. The next aspects we investigated are the resolution limit and bandwidth of the interferometer and its detection chain. We expect that greatest contributors to the frequency noise in the recordings are the switching power supplies of the laser heads. The results show better performance in frequency stability for measuring systems with Nd:YAG lasers in comparison to traditionally used He-Ne ones, especially for higher frequencies. This corresponds to measurements of long-term frequency stabilities which were done before [5, [26] [27] [28] . Higher power available with Nd:YAGs lasers is not only high enough for feeding all of the interferometers needed especially in case of multidimensional systems but high power level incident on the photodetectors needs lower gain of the following amplifiers and thus improves the noise performance of the detection chain.
